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A SIMPLIFIED METHOD FOR EVALUATING JET-PROPULSION-SYSTEM
COMPONENTS IN TERMS OF ATRPLANE PERFORMANCE
By Richard J. Weber and Roger W. Luldens

SUMMARY

It is often impossible to determlne, from an engine study alone,
which of two elrcraft engines 1s superior for a glven flight application.
Conslderation of weight, drag, thrust, and efficlency individually may
give contradictory results. This difficulty 1s commonly experienced in
research on propulsion-system components, perticulerly the inlet diffuser
and the exhaust nozzle.

A method 1s developed to provide a simple means of comparing engine
components on the basls of elther range or the margin of thrust over
dreg. The equations developed include not only the varlation in thrust
coefficient and specific impulse but also the change in engine weight
and drag. Four generel ceses are consldered:

(1) Fixed-size alrplane with constant gross weight
(2) Fixed-size airplane with variable gross weight
(3) Varieble-size airplane with constant payloed weight

(4) Veriable-size airplane with constant ratio of payload to gross
welght

Calculated performence data of representative turbojet and ram-jet
englnes are presented so that the investlgator interested in the effects
of diffuser pressure recovery or nozzle veloclty coefficlent can apply
the method without first carrying out an engine cycle snalysis.

8everal numerical examples are worked out to 1llustrate use of the
method and typlcal applications.
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INTRODUCTION

The performance of an alrcraft - for example, its range - 1ls affected
by the fuel economy, thrust, weight, and drag of the Installed engine.
Frequently, a physical change 1n same propulsion-system component will
improve one of these engine perameters such as thrust dbut also worsen
another such as welght. The researcher or d.esigner in the fleld of pro- h
pulsion systems is then unable to tell, on the basis of the engine param-
eters alone, whether or not the net effect of the ! cononent modification
would be beneficial to airplane performance. The soclution to this prob-
lem may be found through a performance analysis of the airplane for the
mission desired. Such analysis may, however, be beyond the purview or
inclination of the researcher. A simpler, more general approach is de-
sireble for a rapid, although less precise, evaluation.

This report presents a simple method of indicating the net effect
of a simltaneous change in two or more englne performe.nce indices (:L €.y
thrust, specific impulse, weight, or drag) on alrplane performence. Two -
measures of airplane performance were selected: 1) range, because of
its importance to most airplane missions, snd (2) maxImum engine-thrust
minus alrplane dreag, because of its ifmportance to such characteristics
as rate of climb and maneuversabllity.

Particular emphesis is placed on applylng the method to inlets and
exhaust nozzles in the derivation and discussion. To facilitate use of
the method with ram Jets and turbojets, representative performance data
of the required form are presented. Numerical examples are also glven
to illustrate typical applications of the method.

References 1 and 2 present methods for calculating engine perform-
ance and performance derivatives that may be adapted for use in the equa~-
tions of the present report. Reference 3 came to: the attention of the |
authors after the present work was completed. It develops relations be-
tween diffuser pressure recovery and drag and alrplane range. The de- .
velopment of the present report is comsiderably broader than and somewhat-
different in point of view from reference 3. '

ANALYSIS -

The analysis is divided into two perts. The, first deals with the
airplane range, and the second with airplane a.ccelera.tion potentlal.
(The airplane acceleration potential is defined ep the maximum engine
thrust minus alrplene drag in steady level. flight divided by the a.irpla.ne
gross welght.) In both sections the effect of severa:.’.l. assumptions re-
garding the airplene size and weight 1s considered.

t O
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Throughout this report the term "engine™ is defined to include the
inlet diffuser, exhasust nozzle, and nacelle (1f externally mounted).

Range Evaluation

The method developed to evaluate engine performance in terms of air-
plene range 1is basically a senslilvity analysis of the Breguet range
equation, which considers the engine and airframe as an lntegrated com-
bination. For Jet alrcraft the Breguet equation may be written

r —
£
asnﬂhl Ve (1)
W,
L & _

The symbols used in this report are defined in appendix A.

In the subsequent development, the £light speed V 1is assumed to be
constant. Thls corresponds to constant flight Mach number 1n the stra-
tosphere. The fuel required to accelerate and climb to crulse conditlons
(wf/wg) o 18 8lso assumed to be & constant - that is, independent of

changes that primarily affect cruise condltlons. Logerithmic differen-
tiation with respect to any engine parameter X (e.g., X might be the
inlet pressure recovery) ylelds

= I We
a1
ld—a=—L ]JE +.]-'. r (Za)
& X 'I_L k
Dy
vwhere
()
Wf B Ta.
k= - = 1]11n
WS Wf
1 - X
| e

Equation (2a) permits finding the relative change in range Ad®/#
resulting from & small change dX in some engine parameter (provided,
of course, that all the terms cen be evaluated). Alternatively, it may
often be useful to find the change in elther engine welght or drag which,
in conjunction with the varilation d4dX, results in the same airpleane
range. This value, termed the bresk-even conditlion, may be found by
teking d# egual to zero. The cendition Z Z¥= 0 1s also the condi-
tion for determining the value of X that will yleld maximum renge.
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To be readily used by the propulsion-systems engineer, equation (2a)
must be expressed in terms of the usual lndices of engine performance.
In this report, thrust coefficlent, specific impulse, weight, and drag
coefflcient are used.

The development in appendix B shows that equation (2a) may be
written =

jar-2 g 2l i -
FE - X TEX w;> (2p)

which eliminates the alrplane lift-drag ratio and involves only an engine
performance term and & term involving the fuel welght. Evaluetion of
these two terms depends on the alrplane belng considered. The requlred
mathematical development is detalled in appendix B3 for simplicity, the
results are summarized in table I and discussed in the followlng sections.

Fixed-size, fixed-gross-weight airplane. - This section considers
the case of an airplane with both alrframe and engine of fixed size and
with initial gross welght held constant even when the engine weight 1s
varied. Appendlix B shows that the term dI/dX in equation (2b) is to
be evaluated at a constant value of thrust coefficient for this case. :
Also, dlfferentlating the summation of airplane weights (with the assump—
tion of & fixed payload weight) : - .-

Wy = Wop + Wy + Wy + W (3) )
glves : : R ;o= A L
N, e _ '

gl o . (4) |

This requlires that the alrplane take off with partially empty fuel tanks
when the modification dX 1ncreases the engine weight. Conversely, .
when the engine welght 1s reduced, the welght saved is assumed to be put .
into additional fuel (but with negligible change in structural welght or
drag). The general result for this case is given ‘as équation (B18) in
table I(a). Equations (T2) to (T5) are given to Illustrate how the gen-
eral equation might be rewritten for several perticular appliceations.

In equations (T2) and (T3), for example, the engine paremeter X is _
taken as the inlet pressure recovery #. Equation (T2) permits calculat-,
ing the change in range resulting from a varliation in_pressure recovery
that has affected the engine thrust, specific impulse, and weight, but not
the drag. Equation (T3) glves the more common cese where the variation
in pressure recovery affects the diffuser drag but not the welght. Equa-:
tions (T4) and (T5) give similar relations for the effect on range of
changes in nozzle velocity coefficient. Egiiations (T2) and (T3) follow
directly from equation (B18) by setting dCp and dW, equal to zero,

e —
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respectively. Equations (T4) and (T5) ere cobtained in the same manner,
recognizing the fact that changes in the nozzle affect Cp and I 1n

the same proportion (see the derivation of eq. (B22) in appendix B).
The corresponding bresk-even relation 1ls obtained from any of these given
equations by merely setting d# equal to zero.

Fixed-size, varieble-gross-weight airplane. - This sectlon considers
the case of a fixed-size airplane in which the fuel weight 1s not changed
even vhen an engine modification dX results in a change in englne welght.
Differentiation of the esirplane weight equation in the preceding section

now gives
aw W,
- = ®)

for daw /dx = 0. The takeoff gross welght of the alrplane thus varles
as the £ngine welght 1s varied. The resulting generel renge equation

(B24) 1is presented in teble I(b). As before, simplified equations can
be obtained from the genersal equation for particular engine components.

Verisble-size and gross-weight airplane, constant payloed and accel-
eration potential. - When the engine is modified in a fixed-size air-
plane, not only the range but also the acceleratlion potential (dlscussed
in the next section) is changed. It is assumed in this section that the
acceleration potential of the airplene 1s held constant when the engine
is modified. In order to do this, the geometric proportions of the air-
frame are assumed unchanged, but 1ts size and welght are allowed to vary
somevhat as the engine 1s modified. This variation is applicable to
airplanes still in the preliminary design stage. Engine size, however,
is considered fixed. The resulting variations in Cg and Wf/'WS for
this case are given in equations (B34) and (B40) and are not repeated
here because of thelr complexity. Equation (T6) of table I(c) is the
general result for the case where the payload welght in pounds is assumed
constant.

Varisble-size and gross-welght airplane, constent percent payload
and constant acceleration potential. - This case 1s the same as that dis-
cussed in the previous section, except that the payload 1s assumed to
remsin e constant percentage of the airplene gross welght rather then a
constant that is independent of gross weight. The general result for
this case 1s given in equation (T8) of teble I(c). Agein, simplified
equations cen be written for application to particular engine ccmponents.
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Evaluation 'of Acceleration Potentlel

" Acceleration potential G is defined in this refort as maximum en-
gline propulsive thrust minus airplane steady -level-flight drag divided
by alrplane gross welght:

o L -
G =fmex " "t . (8)
W - _.

where G msy be evaluated for the Initlael gross weight or for any sub-

sequent value of Wg during flight. This acceleration factor is an in- j

dication of the airplane's climb, acceleration, and combat capabilities.
It thus 1s probably of greatest interest for interceptor applications.

Engine modifications usually affect not only the cruising perform-
ance but also the maximum thrust of the englne. Therefore, both the
airplane renge and acceleration potential are changed. The effect of
engine modifications on acceleration potential for the case where the
alrplane size 18 fixed 18 consldered in appendix B. The general expres-
sions for this case are given in table II. - )

By varylng airplane size 1t is possible to vary the value of accel- .
eration potential or to hold a constant value while modifying the engine.
(As already discussed, this latter condition was specified when deriving
the range equations of table I(c).)

APPLICATION OF METHOD

Engine and Alrplane Parameters

In order to evaluste numerically the equations that have been derived,
it is pecessary to know the values of the engine thrust coefficient and
specific impulse and their derivatives with respect to the engine param-
eter X that 1s of interest. 8everal constants describing the airplane
must also be known. Some representative values of these engine and air-
plane variables are presented in this section to facil!%ate use of the
equations. Engine derivatives are given for the cases where the engine
parameter X +to be studied is either the inlet pressufH recovery or the
exhaust-nozzle veloclty coefflclent. Studies of other engine paremeters, .
such as compressor efficlency, would first require dete;mination of simi-
lar derivatives by means of a cycle analysis or from experimental data.

Engine performance. - A limited smount of date is_ presented herein
for a turbojet englne and a ram-Jet engine oPerating over a range of

supersonic £flight speeds in the stratosphere. The performance for both
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engines 1s based on the component assumptions given in eppendix C. The
curves represent elther a series of englnes each operating at its design
point or a single engine with a continuously variasble inlet and nozzle.

Figure 1(a) shows the internal thrust coefficient C]? end specific

impulse I of the turbojet engine for & range of afterburner temperatures
up to 3500° R and for flight Mach numbers from 1.0 to 3.0. Figure 1(b)
glves the derivative of the specific impulse with respect to the internal
thrust coefficient. Figures 1(c) to (f) present the derivatives of the
turbojet thrust coefficient and specific impulse with respect to the
inlet pressure recovery and exhaust-nozzle velocity coefficlent. Figure

2 presents simlilar date for a ram-jet englne up to Mach 5.0. The diffuser
area ratios and assumed pressure recoveries as a function of Mach number
are given in teble ITT, and exhaust-nozzle pressure ratios and srea ratios
are listed 1n table IV.

The engine performance data presented are affected in varying degrees
by the assumptions. Therefore, if performance date are available for a
specific engine of interest, they should be used. However, the engine
data presented herein will, in generel, yleld simllar results for the
following reasons. The results are independent of the value assumed for
compressor air flow, since I 1is not a function of ailr flow and since
CF, which i1s a function of mir flow, always enters into the equsations as

& ratlo of thrust or drag coefficients. The derivatives JI/d7 and
BCF/Be' are, to a first order, independent of &, because CF and I

are approximately linear with #. The derivatives BI/va and dCp/dCy
ere lndependent of the essumed Cv, because Cp and I are exactly

linear with . These are also the considerations that permit use of
finlte changes in 4 and CV in the differential equations rather than

infinitely small variations. In substentiation of the above argument,
en example dlscussed later in the report shows that the derivative
dCD, d# 1s about the same whether calculsted for the turbojet or ram-

Jet englne.

Generally, it will be desired to compare two designs of an engine
component, neither of which is described exactly by the parameters assumed
for that component in the present report. Comparison of the two glven
designs 1s accomplished by comparing each of them with the component
assumed herein.

It is necessary to select the cruilsing combustion temperature in
order to obtain values of C’F and I for use 1n the equations. In

order to limit englne weight, the cruising temperature 1s usually chosen
as somewhat higher than that for maximum I. This temperature 1s gener-
ally of the order of 2500° to 3000° R for supersonic cruilsing at Mach
numbers up to 3.0.

‘-dh g 3ok
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Airplane characteristics. - When a spetific design is not available -
to work with, and 1f primary interest is in the study of the engine com- =~ =
ponents, sufficient accuracy for the application of the method of the oo e
present report 1s obtainable through the use of typicél airplane charac- )
teristics. Table V presents estimated values of required airplene param-
eters that are representative of four classes of aircreft. '

I1lustrative Examples - E

Several numerical examples will be presented to lllustrate how the
equations are used, to illustrete the effect of the various assumptions
that cen be made with regard to the airplane, and to suggest typical _
epplications of the method. o Lm

Effect of alrplane assumptions on relative lmportance of pressure
recovery end welght. - Several different assumptions were made in deriving
the expressions for range. First, the airplane size Wﬁs considered to
be fixed and the gross welght was elther held constant or allowed to _ .
vary. Becond, the airplane size was allowed to vary with the option of ' — -
holding either the payload or the ratio of payload to gross weight con- .
stant. It 1s Informative to compere the resulis cbtained for these four
cases.

Consider a turbojet-powered interceptor airplane flying at a Mach . -
number of 2.0. The equations will be used to calculaﬁe the permissible
lncrease in engine weight to maintaln the sgme range if the inlet pres-
sure recovery 1s lmproved by 0.0l and the drag does nbt change. (Al- .
though the calculated result may be interpreted several ways, the impli- T
cation here is that the improved inlet pressure recovery is achleved by o
a mechanical device such as a variable-angle ramp that luncreases the =
inlet welght, the inlet belng tonsldered part of the engine.) Assume o=
arbitrarily that the airplane has & gross weight of 20,000 pounds, crulses .
at an afterburner temperature of 2500° R, and has & méximum afterburner -
temperature of 3500° R. Figures 1(a) to (d.) glve the following va.lu.es o
for the engine performance: , R o L -

- E T y

3
Cp = 1.73 5%= 700
I = 2215 lb/(l'b/BeC) CF e = 2.52 -
oI OCF . m :
36z = "7 e S e
a -
Lr 2.48 - = - - - s

o : S -
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The welght ratlos for the alrplane are taken fram teble V. These values
for the engine and airplane ere then substituted in equstions (B18),
(B24), (T6), and (T8) of table I, taking both d®# and aCp equal to

gero. (Eq. (T2) of table I(a) illustraetes how eq. (B18), e.g., is sim-
plified for this particular calculation.) The results of the calculation
sre a8 follows:

Alrplane assumptlons Aﬂé, AHE,

1b 1b

Fixed slze, constant Wg 36.3 0
Fixed slze, varleble Wé 121.0 | 121.0

Vearigble sige, constant sz 106.0 | 270.0

Variable size, constant Wrszg 79.1 | 270.0

The smallest acceptable lncrease in englne weilght occurs for the
flxed-slze alrplane wlth constant gross welght. In thls caese the fuel
welght 1s decreased to accommodate the Increased engine welght. Allowing
the takeoff gross welght to rise permits substantlally heavier engines.

Comperison of renge and acceleration crlteris in d.etermining rela-
tive importance of pressure recovery and drag. - In addition to range,
the maneuverability and acceleration capebility of an interceptor air-
plane are importent. For the airplane 1n the previous example, it is
deslred to compare the acceptable increases 1n engine drag resulting from
an improvement in pressure recovery for (1) constant range, and (2) con-
stant acceleration potential. The airplane 1s assumed to be of fixed
size and constant gross welght. Crulse afterburner temperature is 2500°
R, while the thrust minus drag expression (eq. (T9) of table II) is
evalusted at 3500° R. At 3500° figure 1l(c) glves

OCy , max

—ﬁi—- 3.40

Substituting the appropriate values in equations (T3) and (T9) of tables
I(a) end IT with d# and dG taken as zero gives the following:

Break-even condition d.CD/ a9

Range 1.25
Thrust minus drag 3.40

There 1s an appreciable difference in acceptable drag rise between the
two cases. The relative lmportance of the two criteria depends on

L.
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whether the alrplane is expected to crulse .long distances at supersonic
speeds or whether 1t is requlired only to have high mafeuverabllity d.u.ring e -
short bursts of combat. _ ’ -

Graphical comparison of several inlets. - Suppose that several dif--
fuser configurations have been developed having the characteristics at
e Mach number of 2.0 that are shown in columna (1), (2), end (3) of the . _
followlng table: -

1

Wl @ & | @ . %
Diffuser | 2 |Cp ; AO/Az cD, A
A 0.85 | 0.03 | 1.0 | 0.023 _
B 91| .18} 1.0 | .148 -
c 92| 9] 8| .197 -

(Z)Dra.g coefficlent ba.sed on inlet N _
capture aresa. . _ DT

(4)Drag coefficlent 'ba.sed. on compré‘saor o '
frontal area.

b

i

Suppose further that the turbojet interceptor ailrplane discussed in the .
preceding examples has been built with diffuser B, It is desired to : -
know whether the same engine using diffuser A or C m.‘[”ght afford better '
alrplane performance. g -

vl

A graphical presentation 1s convenlent in thia problem both to pre- '
sent the data and to compare inlets. B BA

I
[

First, the diffuser drag coefficients (colum (2)) must be based on - _ ’“
the same area used for the engine thrust coefficlents, which for the
turbojet engine 1s the compressor fronta.l area. '.I.'h.e conversion may be B
made by the followlng equation: S -E

Ao
i, .

(]
Cp = \ms/2-Cp,3 (7)

#7 5g

A, . A 2
where the term in parentheses is given in table III for the engine pre-
viously described, and the remaining terms on the right are characteris- »
ties of the inlet under consideration. This equation correctly sizes
the inlet to the engine, with the assumption that the diffuser-exit (or -
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compressor-inlet) Mach number does not vary with # for a given engine.
(This essumption is discussed further in appendix C.) The equation also
converts the inlet drag coefficlent from the reference area Al to A,

on which CF is based. Carrylng out this calculation for the present
example results in the drag coefficients given in column (4).

A flgure may be constructed of diffuser drag coefficient as a func-
tion of pressure recovery (fig. 3). The break-even lines are drawn
through the values of diffuser B with the slopes of 1.25 and 3.40 that
were determined in the preceding exemple. (The shaded side of the lines
indicates the unfavoreble region, i.e., reduced range or reduced thrust
minus dreg.) Superimposing the data for diffusers A end C shows im-
mediately whether the range or the thrust-minus-drag margin has been
improved. Figure 3 shows that diffuser C has such high drag thet it
1s poorer than diffuser B on the basis of both criteria. Use of dif-
fuser A, however, would improve airplene range but decrease its margin
of thrust over drag.

Each diffuser in this exemple has been described by a single point.
It is also posslible to plot on the same type of figure a curve for each
diffuser showing the # and Cp corresponding to different mass-flow
ratios. This would then permit determination of the best operating point
with respect to elther range or acceleration potential. The procedure
of this sectlon is most applicable to isolated-inlet investigations.

Graphical method for selecting best inlet size and operating point. -
The procedure in this section 1s approximste and most useful in ceses °*
where the inlet dreg is combined with other drags, as 1s the case with &
fuselage side 1nlet, so that the quantity of drag associated with the
inlet is not separately known. One of the frequently used plots for pre-
senting experimental lnlet performance data is shown in figure 4. The
drag coefflcient 1s usually based on the model maximum cross-sectional
area Amax' Presented on the plot 1s a typical set of data for a Fflight

Mach number of 2.0. It 1s desired to £ind the condition of inlet opera-
tion that will yleld meximum thrust minus drag or maximum range. For a
glven airplene with 1ts engine, this also mesns determining the size of
the inlet to be used on the ailrplane. It 1s assumed that the engine per-
formence and performence derivatives are known or that it is satisfactory
to use the date glven in this report. In elther case the engine air
flow with respect to the alrplane size must be known.
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Using a break-even condition of this report, which 1s also the
mathematical condition for a maximum, & value of d.CD/d9 mey be calcu-

lated. This drag coefficlent 1s based on &n engine area A,. To apply
this meximizing condition to the present problem, appfoximately

3"}?—”5—7 (o)
al = c
* dz)
from which v - . O
2 _ papax -1 - (ab)
@) E 2%

vhere 4Cp [a(m/m.) is determined from;the experimenta.l data of fig-

ure 4, ch/cw 1s determined from the equations of this report, AO/A
is given in teble III, and Aol%a.x must be known £or the e.irpla.ne under
consideration at. the pressure recovery given in ta.ble III.

The term Ao/ may be calculated, for example , when the actual _
compressor corrected alr flow (w -\/- /8) in pounds’ per. “second at the fﬂ.ght

,conditions under consideration and the eirplene ehgine cross-sectional
area in square feet corresponding to the mgdel maximum cross—sectiona.l
erea are known. For the ususl case of y = l.4, g = 32.2, and R = 53.3,

PR A S

 —

Both p/P and t /t are functions of the flight Mach number M and ta.b-
ulated in reference 4. The required value df & 1s given in table III.

For the present example, Ag/A = 0.140 end daCyp [a(m/m.) =
-0.34. max - < DrAmax! I

Using the values of dCp/d# calculated in a previous example, the
values of d#/d(m/m,) for meximum thrust minus dreg end maximum range
are, respectively,

iz
afmyy = 00
i2 o -

-&W = -1.60.__ -

e — -
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These slopes are plotted ln flgure 4. Where the curve of experi-
mental pressure recovery sgelnst mess flow is tangent to these slopes,
the thrust minus drag or range will be & maximum. The best lnlet oper-
ating condition and slize are thus determined for each of these
condlitlions.

Effect of flight Mach number and cruilse cycle temperature on range
importance of inlet drag and pressure recovery. - To calculate the im-
portance of pressure recovery on renge, equation (B18) in table I mey be
simplified by setting dCp and dW, equal to zero, glving

Lag. 1)) _ agﬁ) ( >r) (20)
#a9 I teb:Cp 3Cpe 2,Cp 37 tepsCp

This equatlon has been evaluated for turbojet and rem-Jet engines for
two cycle temperatures over a range of flight Mach numbers. The results
are presented in figure 5(a). The figure shows that, for a constant
cycle temperature, the importance of a glven increment in pressure re-
covery decresses with increasing flight Mach number. Also, pressure re-
covery l1s more important for alrplanes deslgned to crulse at high cycle
temperatures.

To calculate the range importance of the inlet drag, equation (B18)
of teble I becomes, teking X eas CD and letting dW, be zero (where

terms such as (BI/BCD)CD are zero),

1 az %o 1, 1(3T
2T, , A '@*T(BE;)CD (12)

where the inlet drag coefficlent is based on the entering stream-tube
area. The entering stream~-tube ares is the same as the area described
by the inlet 1ip only for inlet operation with no splllage. The results
of the calculation are shown in figure 5(b). The negative sign on the
result simply means that lncressing drag causes a reduction in range.
The figure shows that the effect of an increment in drag coefficlent on
range increases as flight Mach number Increases or as crulse cycle tem-
perature 1s decreased.

The comparative importance of pressure recovery and drag may be cal-
culated directly from equation (T3) of teble I or from the previous
results:

” 1a8
D ég & 4P
( d.‘:' =0 = - aaR (12)
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This 1s a "bresk-even" condition in that it relates the increment of drag
coefficlent that can be tolerated per unit increment ﬁ pressure recovery
to result 1n zero net range change. (An increment of ‘pressure recovery
is the final value of pressure recovery minus the j.nitia.l value.) The
results of the calculation are shown in Pigure 5(c). The megnitude of”
the ordlnate indicates the increase in drag coefficient that can be
tolerated for a given increase in pressure recovery in order to maintaln
constant range. The figure shows that, at ',Low Ma.g nimbers, a lerge in-
crease in drag coefficilent 1s permissible for a siven—"lncrea.se in pres-
sure recovery. At high Mach numbers, only a emall indrease in drag coef~’
ficlent 1s tolerable for the same increment in pressufe recovery. At

&ll Mach numbers, larger increases in drag coefficient are permissible
(to maintain constant range) for the higher combustion temperature. Note
that refergnce to constant range in connection with figure 5(c) means
only that the range i1s held constant at each Mach number and at each
cambustor temperature as & and Cp are varied; it does not mean that

the range 1s the same for all Mach numbers and combustor tempera.ttu-es.

The sensitlvity of the present analysls to englne type and specific
englne characteristics may be estimated frém figure 5 by comparing the

curves for the turbojet and ram-j)et englnes at 3500° R maximum cycle tem—

perature. The ram-jet-powered airplane is more sensfﬂve than the
turbojet-powered alrplane to both inlet drag and pres"eure recovery at

flight Mach numbers below sbout 2.8. However, in the Mach number range ~—

between 2.0 and 3.0 where the ram-Jet and turbo,jet curves overlap, the
value of dCp Ao/de' is in general sbout the same for both engines. 'I'his

indicates that the parameter d4Cp AO/M :Ls not aenaitive to engine type

and, therefore, for example, should not be. sensit;l.ve to differences tha.t
exist between varlous turbojet-englne designs.

CONCLUDING REMARKS

A simple method of evaluating propulsion—system components 1ln terms

of airplane range and thrust-minus-drag characteristics has been presented.

Equations for evaluating changes in propulsion-system components both in
existing airplanes and airplanes in the design stage were given. The

method 1s particularly applicable for ra.pih evaluation of engine inlet
pressure recovery, drag, and weight, and correaponding exhaust-nozzle
cheracteristics. Representative engine cycle performa.nce and performa.nce
derivetives for this purpose were also given.

Examples have been presented to illustrate typical applications of
the method. For instance, one example showed thet inlet pressure recovery
becomes less important compared with nacelle drag as ‘flight Mach number
and combustion temperature are increased. Another ekxample showed that
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Dressure recovery is less important compared with nacelle drag when the
eriterion of ailrplane performance is range rather than acceleration
potential.

Appendix D shows that, for airplanes crulsing at the condition for
maximum range, changes in range resulting from changes in engine com-
ponent performance may be evalusted at elther constant 1ift coefficlent
or constant engine combustor temperature. Also, the equations developed
in this report in terms of englne performance parameters alone msy al-
ternatively be expressed in terms involving eirplane aerodynsmic
perameters.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, August 7, 1956



Sl . NACA FM E56J26
. sl : .

APFENDIX A

SYMBOLS o )

engine reference area (compressor frontal area for turbojet,
combustor flow srea for ram Jet) ° '

cross-sectional area at inlet-cowl 1lip inéluding centerbody area '

model maximumm cross-sectlonal area .

free-stream tube area of air entering englne

engine component drag coefficient, Dex/afe _
coefficlent of drag due to 1ift (based on B8y)
zero-1ift drag coefficlent of eirplene (based on 8y )
engline internal thrust coefficient,_F/ﬁAe

meximum Cp corresponding to tab,max

engine propulsive thrust coefficlent, Cp - CD_
maximum Cg correspondiné to tab,max =
alrplane 1ift coefficient, L/'t_J_S‘,r -

nozzle veloclty coefficient . = - oo

external drag specificelly assoclated with engine component being
studlied; considered to be included in Dt before component
modification ) —_ - . -

change in external engine drag spec;fically aBsoclated with
engine component modificeation being considered; equal to zero
before modification

total airplane drag in steady level flight including all engine
dreg except dDgx

engline internal thrust

engine propulsive thrust, F - Dex
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acceleration potential, (. - Dt) /Wg

acceleration due to gravity
engine internal specific impulse, F/wpe

engine specific impulse including drag, &/we

_ n 1l - (Wf/wg)d.
[2 - /)] 10| == (He/ig)

alrplene 11ift

flight Mach number

inlet mass-flow ratio, where m, can be any reference mass flow
total pressure

totel pressure at entrance to exhaust nozzle

Inlet diffuser pressure recovery, totel pressure at diffuser
exlt divided by free-stream total pressure

amblent statlic pressure

free-stream Incompressible dynamlc pressure, % pM2
gas constant

alrplane range

wing aree

total temperature

static temperature

flight speed

installed-engine welght

initial fuel welght

fuel consumed during climb and acceleration

initlel airplane gross weight
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Wpl airplane fixed weight (payload, pilot, instruments, etc.)
Wat alrplene structursal welght (msela.ge, wing, 'bail, fuel tank,
lending gear, etc.) o
Va gir-flow rate -
Ve fuel-flow rate o S o
X engine component paremeter being considered -
T ratio of specific heats - - L
o) ratio of total pressure to NACA standard_seaélevel pressure
e] ratio of total temperature to NACA standsrd ;ea-level temper;turé
Subscripts:
b afterburner (or combustor) i Cooe LA -
exit nozzle exlt =
1 cowl 1lip o o=
meax meximum
opt optimum -
th ' .

nozzle throat i .z - x e

free-stream condlitions

1-1‘!1“
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APPENDIX B

DERTVATTON OF EQUATTIONS
Basic Considerations of Range Equation

The expressions for range that are derived in this report are based
on the Breguet range equation. The integrated form of the range equation
(eq. (1)) is obteined with the necessary condition that VI L/Dy 1is
constant durlng the entlire crulse phase of the flight. It 1s assumed in
the present report that all crulsing takes place in the isothermel stmos-
phere and at constant Mach number. In order to utilize the Breguet
equation, TL/Dt must remain constant during flight, despite the fact
that the alrplane gross welght 1s constantly decreasing because of the
consumption of fuel. The following discussion shows that both I and
L/Dy may each be held constent during cruise flight.

The alrplane lift-drag ratio is given by

L L - (Cp) (B1)
C
where .
Cp = H.G_ .i_ (BZ)
(29

The terms cD,o and %,1/‘3% are constants describlng the alrplane

aerodynemics, so that L/Dt is a function only of Cj for all alrplanes
of the same geometric proportions, regardless of the actual size (neg—
lecting Reynold's number effects) . Mathematically, it 1s required that
the term Wg/pSy be constent in order that L/Dy not change for any
given aeirplane during crulsing; also, any two alrplanes of similer pro-
portions but unequal .slzes or gross welghts will have the same I./D-b ir
they crulse at the same value of Wg/pSw

A similar argument msy be mede wilth respect to the engine specific
impulse. For a glven engine flying et constant Mach number in the iso-
thermal atmosphere, the specific impulse is a function only of the pro-
pulsive thrust coefficient (see fig. 2(a), e.g.):

T = #(C.) (B3)
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where
Y g2
= M¢

For a given airplane, SW/.Ae is constant and, from the precedling dis-
cussion, L/Dy does not very if Wg/r8, is held constent. Thus, Cg

and hence I, remains constant during cruising flight of a glven air-
plane if /pBw 1s held constant. '

-~

Consider now the flight path that must be selected to mainta.in con-

stant W /pSw Asgume a reference a.irpla.ne that commences its cruise

flight a.t 8 glven Mach number and eltitude represented. by point A in i
figure 6(a). For thie condition & specific value!of Wg/psw exlasts.

Throughout the filight, Ws continually decreases as fuel is consumed.
To meintein the initial velue of Wg/PSy, it 1s necessary that p

decrease in the same proportion; therefore,: -the altitude of the airpla.ne

Increases from the beglnning of its cruise_flight A to the end B._ This
flight path, and thus constant velues 6f Wg/pSy, L/Dy, Cgy and I, is
accomplished sutomaticelly by maelntaining e constent engine combustion
tempereture throughout crulsing flight. e ,

Instead of starting cruise at the value of Wg/pS, correspondins
to polnt A, some other value of Ws/psw could have been selected,

corresponding to polnt C, for example. This new value of Wg/PSw would

then be meintained along flight path C-D. 'In genera.l sy crulsing at the
new Wg/pSW results in a different value OFf L/D; *during flight (since

C;, must be changed to supply the needed lift) enfl in a different value

of I during flight (since C  must be changed to supply the needed
thrust). From equation (l) » to achieve mexXimum range, the value of
Wg/psw should be selected to make IL/Dt e. meximum. This is repre-

sented on figure 6(b) by point E. -

A change in en engine component may require an adjustment in the
crulsing Wg/:psW to remeximize the value 6&F U—-/Dt As shown by the

figure, the change in TIL/Dy resulting from an ehgine modification dX
mey be conslidered in two parts, the direct: effect of . d&X at a consta.nt

P
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Wg/;ps‘,r (from E to F) and the further effect of any accompanying change
in cruising Wg/psw (from F to G). Mathematically,

TL.A% x) (B5)
His)- f:'_g_w—)(f )| o8 [3 %) (s6)
X

where the subscripts on the brackets indlcate the quantity being held
constant in the partlal differentiation. If, with the origlnal engine
design, the airplane is initially cruising at point E (the point for
maximum IL/Di), then

9 (T -g‘:) =0 (87)

_E-
Cpswj X

(Bome further implications of eq. (B7) are discussed in appendix D.)
Then, equation (B6) becomes

&(3)-[&63), @

The significance of this result is that, for a small engine change dX,
the corresponding change in IL/D; may be calculated without considering

any change in cruising Wg/Psw-
Expending equation (B8) gives
df= L L{oI =|d /(L
&%) - 43, @), .
o, o

But, from equations (Bl) and (B2), the lift-drag ratio is a function
only of crulsing Wg PS8y 80 that

[% %)] =0 (B10)
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Combining equations (B9) and (B10O) gives . o o

3)-30, =
{7 3) (af)ﬁ;

Equations (2a) and (Bll) may now be combined.to give

1da® 14T 1 a4 [Ve g
U N R T 3 2b
R X :ax+kax(wg) (20)

For convenience, the partilal-derivative symbol is dropped, with the
understanding that the cruising Wg/p8y and L/Dy are mot variebles
in equation (2b) and all the succeeding equetions.’ -

Range of Fixed-S8ize Airplane - _ =

The preceding sectlion concludes that 'Wg/psw is to be considered
fixed when the engine is modified. In this section it is assumed that
the elrplane size and hence 8, are fixed; therei‘ore, Wg/p 1s a con~
stant. Assuming further that the engine size is not cha.nged, differ- .
entiation of equation (B4) gives r - oo T

il oe

a==0 . = (m2)

because gll the terms on the right side of the equation are constant.

The analysis to this point hes deelt with the engine-alrframe com-
bination. Consider next the changes that take ;place fAn the engine it-
self. In general, s change in any engine pa.rameter X tends to change
both the thrust coefficlent and the specific im;pul'l.se of the engine. In -
order to keep the thrust coefficient unchenged, as ré'ﬂuired by equation = =
(B12), it usually is necessary to adjust the combustion temperature of =~ —~ "
the cycle. (This will be the temperature of the afterburner if the P
engine has one; otherwise, it is the temperature in the primary combustor. )
Ad justment in thrust may also occur through changes Tn the drag a.ssocia.'bed
with the engine modification dX. 1In ma.thema:bica.l 'berms ’

Ce= (X, Cp» tgp) .(Blga.);._ .

T = #5(X, Cpy tep) (B13Db) .
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By differentiation,

acy = (X ax + & acp + Xy dtg, (Blde)
4 X teb,Cp E tgh,X Stan, X,Cp

I Po1e

- 1
il = ﬁ)tab: e ax + (%)tab’x dc, + (ﬁ)x,cb dtg, (B14b)

By definition,

Cg=Cr - Cp
- (Cf Cs
I m= ;;)Q,AE-GI

which may be differentiated to give

@@ ]
@,
@5
o™ Ere |

(B15a)

(B15b)

(B16a)

(B16b)

In eddition, Cg and T for the reference or ummodified engline sre
equal to Cp and I, respectively, since the alrplane lift-drag ratio

is defined to include the original englne drag.
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Combining equations (B12) and (Bl4) to (BLl6) gives

&I _ far I ch a1 (BCF) o '
aX ~ \X|tepsCp ~ 3EFTX, : EX:C]) K /b3 Cp B

(B17)

(The term JI/3Cp 1s the ratio of the chenges in I and Cp resulting ; . -
from a small change in temperature Atgp . ) A graphical representation _ _ %
of these relations is as follows: ' b

/ta.'b + dt—a.b

ax, CD + dCD

dX, Cp

H|

RN ' —_ " U = H =
b ;
——

The orlginal airplane cruises with the engline opera.ting at point A, which
1s at the thrust coefficient for meximum IL/D..' A chenge in an engime ™

perameter dX changes the propulsive thrust coefficient and specific L e
impulse to point B, 1f the cycle tempera.ture is held constent. The S -
associated veriaetion in Cp, if any, causes a fu:c‘the? change to poin'E C.: - - =
In order to return the thrust coefficient to its origina.l value, a8 . = «
required by equation (B1l2), there must also be a cha.nge in cycle tempér-’
ature dtg,, so that the final engine operla_,ting condition is at point D.

¥

el
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Consider next the welght distribution of the alrplane. The initial
gross welght of an alrplane is the sum of the various components, as
follows:

Wg = Wy + Wpy + W + Wp ' (3)

The effect of engine modificatlons on equation (5) 18 considered in
two cases, the first assuming that Wg is held constent end the second

allowing Wg to vary.

Constant initiel gross welght. - For a fixed alrfreme and a constant
Initial gross welght, it 1s assumed that changes 1n engine welght can be
accommodeted only by & corresponding opposlite change in the fuel load.
Thus, differentiating equation (3) gives

dWe - - de

ax ax = ()

Combining equations (2b), (Bl17), and (4) gives the finel general expres-
slon for the range of e fixed-size sirplane wlth constant initial gross

welght: _
13 _far dCp _
Cp [EE (&?)x, cD] x

e, @ pf

in which the partiel derivatives are to_be evaluated at the combustion
temperature tgp that ylelds meximum IL/Dy for the airplane. Equa-
tion (B18) indicates the effect on airplane range of any engine modi-
fication dX that also affects engine drag by an amount dCp and
engine welght by an amount dWe. Betting d# equal to zero in equation
(B18) results in the bresk-even condition for range. From the break-
even equation it 18 possible to calculate the maximum permissible changes
in engine drasg snd engine welght resulting from an engine modification
such that the range does not change.

(B18)

Equation (B18) may be further simplified for the cases in which
elther the weight or the drag changes, but not both. For exemple, if
the engine modification affects only the engine welght, the break-even
expression is obtained by setting d4# and dCp equal to zero in
equation (Bl8), glving e 0

-

ng g& - %[(%Tli)tab,cn ) (%)x,cn (gi_F)tab,cD] Wg = O

dCp = O
(B19a)
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while setting d# and 4We equal to zero ylelds

. Bl ey~ by @y L2770 _—

=T @, e

Equations (B19) may be simplified still further for the special
case in which the engine welght is a neglig:lble part of the airplane
gross welght. This condition might be approximated in the case of a
ram- jet~powered long-range missile, for example. If the englne welght
is negligible, there is no advantage in raising the thrust in order to
reduce engine size. The engine can then be sized to cruilse at the low
temperature ylelding maximum specific impulse. Settling (aI/aCF)X,CD

equel to zero in equations (B19a) and (B19b), respectively, gives

aw dR= 0 :
1 e x (ax) aW, = O
& e,k g™ . (B20
WS ax T \X tgpsCp- ) 4Cp'= O : ( a)T
We<< Wg,
d@= 0 .
O G (BI) dWg = O (B20b)’
= - . ),
TepsCp  { dWe = © :
-\ We<<Wg

Another simplification arises when the parameter X relates to the
exhaust nozzle (e.g., when X 18 the nozile velocity coefficient Cv)

The efficlency of expansion through the exheust nozz'Ie does not affect
the engine air flow nor the fuel-alr ratio. Therefore , the engine :

thrust coefficient and the specific impulse change in the same propor'tion
when Cy is varied with constant combustion temperature. That is,

o

TGy ~ N
I LI acF)
(m)tab,cD CF (35\; tg1Cp (p21)

GUXT PR

Yo
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Substituting this expression in equations (Bl9a) and (BlS9b) gives

LEE;E(BCF) Lo(%) aw=0
WgdCy I Cy tgp,Cp | CF 3Cr CysCp dWg = 0 B22a)

dCD = 0
d®= 0
ac aG; -
E_Q - __13) dHg = O (B22b)
Cy  \%y/t,,cp \aW, = 0

Varieble initial gross welght. -~ The preceding section has con-
sidered an alrplane of fixed size and constent initial gross welght.
When an engine change was made that resulted in an increase in engine
welght, 1t was assumed thet the fuel tanks could not be completely filled.
Another case of practicel interest occurs when the initial gross weight
is permitted to increase by keeping a full fuel load even when the engine
welght 18 increased. The airplane thus i1s overloaded during tekeoff,
but this may often be an accepteble penalty in order to achieve maximum
range. Dlfferentlating equation (3) with a constant fuel load glves

aw, aw
&,
X T X (5)

The change in ratio of fuel weight to gross welght due to a change
in gross welght for s fixed fuel weight is, by differentiation and

using equation (5),
g &)- - (&.)(E .die. (B23)
ax WS Ws WE ax

Combining equations (2b), (Bl7), end (B23) gives

B o [ B2 B, @)
('f%rj‘)(‘wiz) _‘;;g (B24)

Simplified equations similer to those derived for the case of con-
stant initial gross weight (eqs. (Bl9) to (B22)) are easily obtained.

LY
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Acceleration Potential of Fixed-Size Alrplane -

The maergin of engine thrust over alrplane dreg is important to the - ---
amount of fuel consumed during acceleration and climb, the time to B
accelerate and climb, the celling, end the combat maneuverebility. The
margin of meximum engine thrust over crulsing airplene drag is expressed
in the present report in terms of the acceleration potential G, defined =
as S e

£ _ _~D Cor mexhe :
o5 t‘("w - T (6e) §
g g .D_b_ . .

where the subscript mex means that Cg 1is to be evaluated at the ma.xi- o
mum alloweble combustion tempereture for highest thrust. From the defi- - =
nition of Cg, equation (6a) may be written as T

& = (Ce,max - ©0) (Q—g)q - %- | (325)“. .

The effect of an engine modification on the thrust margin 1s -
obtained by differentiating equetion (B25), giving Lo LT

G '[dciim -& " (°1"’“‘°$§g‘ CD) :_;s](%)q (s26) _'

In this sectlon, as previously, advantage is teken of the fact that, for
the ummodified engine, Cp equals zero because of the definition of
L/Dy, and hence Cg is equal to Cp. Thils, combining equations (6a)

end (B26) and using the relation CpqA, = _Wg/(L/Dt) glve
4 —
g (), -2 aﬁ] @3 e
Dy

and the break-even condition (4G/dX = 0) is _ -

awe . —— - ST

- RS - -
Note that the break-even condltion 1s also the c'bnd:ﬁ:ion for maximum
acceleration potential and 1s independent.of L/Dt and Cp. For a - - T
fixed-size airplane with constant gross weight, W, ]dx is taken equal = * - ="

to zero. For a fixed-size airplane with Varieble gross weight, dWE/dX
is teken equal to dWe/dX (according to eq. (5)). '

AGQEERER Y B
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Range of Varlable-8ize Airplane with
Constant Acceleration Potentlal

In this section the geometrical proportions of the alrframe are
fixed, but 1t 1s assumed that the size may be varied. This asllows im-
posing the condition independently of any varlations 1n airplsne range
that the acceleration potentlial does not change as the englne is modi-
fled. This situation may exist during the prelimlnary design stage of
the alrplene. The equetlons are developed for the case of constant
engine size, although they can easily be expressed in terms of the ratio
Ae/Wg, which then permits varying the engine size i1f desired.

Consider first the engine-alirframe combination. As discussed in
the first part of this eppendix, sssume that the alrplane 1s always
designed for the same velue of the term Wg/pﬂw. 8ince the ailrfreme pro-

portions are specified, the cruising L/Dt does not change and equation
(2b) applies.

For crulsing flight the thrust must equel the drag, so that the
criterion for constant acceleration potential can be written

Cc - C
d ' mex F -
- | = o] (B29)
dx( Ws )

Carrying out the differentiation glves

C Cc C C
“Fmax & 1___-'_)+(1___L)d (_fﬁ-g).o (850)

Wg A Cpomax Cyymax) dX
Also, differentiating equation (6e) gives
(Y
ag d 5,
T™ b 1z (—-—%‘-’5) (831)
which, for a constant maneuver margin (dG/dX = 0), reduces to
Cc
4 [“#FHmex) , ¢ (B32)
X\~ Vg

Combining equations (B30) and (B32) gives

%( s ).o (B33)

Cf,max
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Now examine the engine more closely. The cha.hged‘ that occur in the

englne are deflned by carrying out the differentiation indicated by eque.-

tion (B33), resulting in c - S

dac C
F S dc’zm&x - (334)

From equation (Bl4a) evalusted at the tempereture for meximum thrust,

3 mex _ ac"jm) + (ic%“ﬂ) 4Cp (ac§M) b, max
ax Xt 0,0 D Jty,x & Stap Jx,op X

(B35)

Maximum thrust of the engine is ordlnarily obtained at the meximum per-
missible cycle temperature, so that the third term on the right side of
equation (B35) differs from zero only if the engine modification dX ~
results in a change in maximum permissible com‘bustion 'bempera.ture

tab,max: =

The chenge in engine specific impulse resulting from an engine
modification is found by combining equations (314) to (B16), (B34), and

(335) y &lving _.:_

RN N I:E - (&Enoo ( ,m]

(BCF) ~ Cp aCFLmax) __CF [3Cr , max) dta:b,max.
x, tipsCp CF,mex tepsCp COF,max\ dtg, /X,cp

(B36)

As before, Cy is equal to Cp before modification.

The change in welght distribution of the airplane is found by dif-
ferentiating equation (3) with the assumption that the ratio of struc-
tural to gross weight does not change with  X:

— - =

a (o , af¥e), af¥ "
'aic'(wg) + dx(ws)"' dx(ws =0 (B37)
Also,
Wy W, dW a [VYe -
a'f=—gax—5+wsﬁ(w— (ms8)

oy

-1 ﬂlli'-
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while expanding equation (B32) glves
d aw
chx!max - ch!ma.x de (339)
1

Combining equations (B16), (B35), (Bss), and (B39) glves

SRR CORE T St
[(wf"ﬁ)%,cb . (), ol

(B40)

Substituting equations (B36) and (B40) into equation (2b) then gives the
general result for g varlgble-slze alrplane:

s2-H@, [ (%@x,%( )|
(aI x Cp [(&F)tab:cn CF, max _J&_)tab,
GFOF (a;%’a:ax)x, op dtab m } {"(V ‘:'}s -
i) ()., - 52 + (o, o]

(B41)

Two points of view may be taken in consldering the ratio of payloed
to gross weight Wp/Wg. One approach is to assume that the payload

remains constant when the alrplane gross welght varles. This gives

a [ Wp2 1 [ Wp1\ dWw,
&%) - &)= e
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which combines with equation (B39) to glve .

d [¥pu Wn1 1\ &, =
@)@ e

Combining equations (B16), (B35), and (B43) gives

jL(?ié),_ _(?bl ( 1 ')[K?CF,ma%> e (éCF;;ax dﬁd;;mggﬂ
E\Wg Ws J\Cr, max & JtgpsCp & Step JKiCp &

(B44)

Substituting this expression in equation (B4l) gives the result for the

case of & constant peyloed:

E HBho [3 Bof )] 2

() oD en - s (28
Cr (a%,m>xc M]}_]l; L W
2D

CF,ma-x ata.'b ax ﬁ; ax
1. Vo1 _ 4Cp
e D) 2
OF,man)  Steb,mex
Bta:b X’CD dx

(B45)

A second point of view is to assume that the ratio of payload to
gross welght remeine constant when the asirplane gross™welght varies.
This caese is obtained simply by teking d(Wrz/Wg)/Ex "equel to zero in
equation (B4l). -
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APPENDIX C

ASSUMPTIONS FOR CALCULATING ENGINE PERFORMANCE ARD DERIVATIVES
The component agsumptions made for the turbojet engine are:
(1) Inlet diffuser (see teble IIT)
(2) Compressor:

Bea-level statlc pressure ratio, 7
Bea-level static air flow, 35(1b/sec)/sq £t
Constant mechanical speed

(3) Combustor:

Fuel, JP-4
Primery burner efficlency, 0.95
Afterburner efficiency, 0.90

(4) Turbine-inlet temperature, 2500°'R
(5) Exhaust-nozzle force coefficient, 0.96
The component assumptions made for the ram-Jet engline are:
(1) Inlet diffuser (see table III) '
(2) Combustor:

Inlet Mach number, 0.175
Fuel, JP-4
Efficlency, 0.80

(3) Exhaust-nozzle force coefficient, 0.96

The thrust coefficient for the turbojet engine 1s based on the com-
pressor tip area. This 1s reasoneble, slnge compressor tip ares is not
likely to be veried as a result of engine modifications. It is for this
reason that the equations were developed for the case of constant engine

(1.e., compressor tip) area.

When the derivatives of Cyg end I with respect to inlet pressure

recovery were calculated, it was assumed that the compressor-inlet Mach
nurber (i.e., diffuser-exit Mach number) was held constant. For super-
sonic flight, afterburning is generally required. 3Best efficlency 1s
then obtasined by maintaining rated turbine-inlet temperature and varylng
the thrust output as needed through chenges in afterburner temperature
and concomitent nozzle-throat area changes. For a constant turblne-inlet
temperature, the rotative speed and corrected alr flow of the compressor
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are elso constent (at any given flight Mach number and smbient tempera~
ture). Constant corrected compressor alr flow is equivalent to a con-
stant compressor-inlet Mach number.

As @ consequence of these assumptions, the air flow through the
engine and the ratio of inlet 1ip to compressor tip area Al/Ae vary
directly with the inlet pressure recovery (provided the inlet operates
at the same mass-flow ratio for both recoveries). If the maximum pres-
sure recovery of an inlet is improved through some physical modification
but the 1lip area is not increased, then the inlet will operate super- :
critically (i e., the normal shock will move downstream into the subsonic
diffuser), and the actual operating pressure recovery of the inlet will :
be no greater than before, despite the potentially aVallable increase.
Conversely, 1f the effect of the modification is to décrease the pres-
sure recovery, then the alr flow through the eng;ne Ts also decreased;
1f the 1ip area is not reduced, the excess air is spilled around the
inlet and results in additive drag, which further penalizes the englne
thrust and efficiency. (Note that, for a constant compressor-inlet Mach'
number and combustor temperature, the exhaust-nozzle-throat area is inde-
pendent of changes in inlet pressure recovery.)

The preceding discussion shows that, for the turbojet engine, the
diffuser-exit Mach number is not variasble and the inlet area should be
varied when pressure recovery is changed.

For the ram-Jet engine, the thrust coefficlent is based on the com-
bustor frontal &rea, and constent diffuser-exit Mach number was &lso
assumed when JCp/d# and JI/d# were caltulated. (As in the case of
the turbojet, this means that the exhaust—nozzle-throat area is inde-
pendent of changes in inlet pressure recovery.) waever, other assump-
tions can be made about the diffuser-exit Mach namber. In this case,
there is no compressor with its requirement of constant corrected air
flow. It 1s feaslble then, 1f desired, to assume that the diffuser area
ratio Ai/he 1s held fixed, so that the coﬂbustér-inlet Mach number
varies with changes in dliffuser pressure recovery (the that, for a
glven combustion temperature, this requires some’ adjustment in exhsust- .
nozzle-throat area.) For a constant combustion %empérature, and neg-
lecting the small varlation with inlet Mach number &f the combustor
momentum-pressure loss due to heat addition, the foiiowing relation holds:

1 ac") -l (01):
Cr \O2 /teb,Cp I \3Ftep,Cp SRR

The equetions of tebles I and II are still valid, and equation (Cl) mey
be used to evaluate JOCy/0# for the ram-Jet engine Where A /A, 1is held

constant (OI/d # being teken from figure z(d))

1Oy il .1 ol
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ALTERNATIVE DEVELOPMENT OF METHOD

The equations of the present report were derlved under the basic
assumption that the value of Wé/b&w is held comstant when an engine

modlficatlon dX 1s made. By inference, any required adjustment in en-
glne thrust is then made by changing the engine combustion temperature.
This eppendix proves that the englne may, if desired, be viewed as con-
tinuing to crulse at the same temperature, with the required adjustment
in engine thrust made by changing alrplane altitude. The same final ex-
presslons for range are obtalned 1n elther cease.

This appendix also shows that the equations of the present report,
which are expressed in terms of the englne parameters, can alternatively
be expressed In terms of the alrplene serodynemic parameters.

Demonstration of Alternative Viewpolnt

Identlcal results are obtalned regardless of whether the ailrplane
flies at constant Wé/b&w or the englne operates at constant tempersature.

To prove this statement 1t must be demonstrated that

o) B .

) = |~ (p1)
Tab X HE_
ply
Expanding the right side of equation (D1) glves
IL fL
D(D.‘E) =T (D;) + E'_ (g%) (DZ)
JX | - ~ OX | W Dy -
£
7oy & B,
Substituting equations (B10) and (B17) into equation (D2) ylelds
D(IL
. 526,10, 5
t b’CD CF tabs Cp ax
(p3)

vhere only & fixed-size alrplane 1s consldered.
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Consider now the left side of eguation (D1l). Expanding,

IE)(%%)] II?(ELQ-J L (DI
- X tap B tab i .D-E &)tab (D4) S

From equations (Bl4b) and (B16b),

(DI) - aI) 1 %
a-ita.b ai1’-151::»013 Cp &

- @) @) [ e
gl -

Also, expanding equation (B7),

IL\ ] L

b:) a Dt) L DI (D7)
W "I:m‘”n— W =0
£ £ t £
P8y/)x By Pow/ |k

The last term of equation (D7) may be rewritten .
aCp

and differentiating equation (B4) gives - .

X

<a?—>tab=;§ﬁ%)l@ __ -

Equations (Bl4a) asnd (Bl6a) give

@, -&, -2 @30)

(05) |

B (32 ) .
&)
i ra./ Ix PSy
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Combining equations (D6) to (D10) glves

D(DI*) 3 ac
e, =] e
tap t X,Cp tab,CD
Equations (D5) and (D11) may now be substituted in equation (D4), ylelding
(5,) o : ap
£, Y W - S -
tap t tabsCn CF Cr. X,Cp tapsCD

(p12)

The right sides of equations (D3) and (D12) are identical; hence equation
(D1) has been proved.

When temperature is held constant (and Wg/psW allowed to vary),

pert of the range galn due to an engine component improvement dX results
from an Increase In I and part from an increase in elrplene L/'Dt.

When Wg/psw is held constant (and temperature allowed to vary), all

the range gain results from increases in I. Both cases yleld the same
answver.

The preceding dlscusslion has assumed e constant alrplene size. With
the ald of some simplifying assumptions, the same result may be obtained
when airplene slze is allowed to vary.

’

Development 1n Terms of Aerodynemic Parameters

The equations in the present report are presented ln terms of the
engine performence parameters and thelr derivatives. The equations can
alternatively be presented in terms of the asirplane aerodynamlic perem-
eters. This latter approach, which was used 1n reference 3, is explalned
as follows.

The condition thet the airplane initially cruises at maximum IL/Dy
is given in equation (B7) and rewritten in equation (D7) as follows:

) L DI

I 51: (D7)
+ = = 0 D7
;Z_S_“ 5 Dy ;(ﬂ 5
PS8y ‘ fg-; X
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7)., Bl

where differentisting equation (B4) gives : o g

- wm
l . e
—

DC .AD
| - Wl ) é%. % (p14)
_e_> (_s..) = o &
PS5y /| P t "\p8,
Consider next the first term in equation (D7), which now also ap-
pears in equation (D14). Differentiating equation (31 gives o

déﬁ‘) ac ' -
%% = L 1 _ (D15) -
T, £ £ ‘L Cp’g + _z_. CL
;(Pswj psy, ? .
- _ -
where, from equation (B2), ‘ o= o
1 (p16) -
CL . .
pSw -
hence, equation (D15) becames L . j
2\ /¢ '
L CL _ELi .

dcﬁ') -\ A c?
1 \Dg 1 D,/ \.°L '
T = W 2 (D17) ] . Sl
o ;‘_ﬁ_’ £ Cr. ZD,1 _

t "\p P8/l 4 o Cz

7 P9\ e/

Differentiation of equation (Bl) with respect to Cj shows that
the optimum value of Cj corresponding to ma.ximum L/Dt is given by

D,0 | |
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Combining equations (D7), (Di4), (D17), and (D18) glves

(D19)

This expression shows that selecting a cambustion temperature at which
to evaluate the englne parameters necessarlly implies that the airplane
is cruising at a particular value of CL/CI., opt*

Equation (D19) may be used to €liminate the term OI/dC, from the
equations presented in this report. Other engline parsmeters will still
be present, however, such as CF end I. It thus becomes possible to
select & velue of CL/CL,opt for cruising, rather then an engine caom-
bustion temperature. Through equation (D19), the selected value of
cL/CL, opt then fixes the combustion temperature at which the remalning

engine parameters should be evaluated (if the ailrplene cruises at maxi-
mum IL/D;).

Although it 1s always assumed 1n the development of the equatlons
of the present report thet crulsling occurs at maximum IL/Dt, other cases

exist. For example, englne thrust msy be limited so that, even at maxi-
mum combustion temperature, crulsing takes place at altitudes lower than
those for meximum IL/Dt. In this case it 1s desirable to write the

equations in terms of cL/CL, opt (using eq. (D19)), where the remeining

engine parameters are evaluated for the maximum permiseible temperature
and cL/cL, opt 18 determined from the airframe design and operating

condition. From the statement of the problem, this value of CL/CL,opt
when substltuted 1in equatlon (D19) must correspond to a value of

_ICE(%) for some higher then maximum permissible combustlion tempera-
X,CD h

ture. This 1s the case consldered in reference 3, which derived equations
similar to those of the present report with BI/BCF replaeced by the

function of CL/CL, opt &iven in equation (D19).
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TABLE I. - RANGE AND WEIGHT EXPRESSIONS

[Evaluate at crulse combustor temperature except terms involving CF,ma.x]

(a) Fixed-size airplene with constant initial gross weight

Generel equations:

R

&Im%
4
o
—~
]
e

Illustrative special equations:

Effect of inlet pressure recovery and welght (constant inlet drag):

H5-3|B), @, B | wT =
#ap I ’ta.'b-'c]) ¥ #Cp tabsCp ng

Effect of inlet pressure recovery and drag (constant inlet weight):

FE-KEL 15 Bee | B (B () o

tab’cD
Effect of exhaust-nozzle velocity coefficlent and weilght (constant
nozzle drag):

%gc_av— B %(%)tab,cn [CI_; - (%)cv,cn] - f‘% % - (@)

Effect of exhaust-nozzle veloclty coefficient and drag (constant noz-
zle weight):

k@ @8 o«
N‘ E'i?;;-“;‘:,""-_

-y
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- *
3
_ - A
TABLE I. - Continued. RANGE AND WEIGHT EXPRESSIONS
EEvaluate at cruilse combustor temperature except terms involving : :
CF mex: ] . . e :‘
(b) Fixed-size alrplene with fixed initial fuel weight and varisble -
initial gross weight ] M . _ bR Hpow e
General equetions:
-1 [ (8L, ] 2 - (8., (2
= - - ax - X - ..
®axINK)y ep |%F x,0p| & Cr/x,Cp t4,20D
1L g e . : -
(ﬁ;)(ﬁ') = o ... (B2s)
& . . o s =
aw, aw, " : - =
=5 - “(s)

NahEfmne» SR
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TABLE I. - Concluded. RANGE AND WEIGHT EXFRESSIONS

[Evaluate at cruise combustor temperature except terms involving
Cp,max']
(c) Variable-size airplane with comstant acceleration potential,

d%eb , max _
ax

General equations:

0

Constant payload welght:

k)Wg @X ~ Cp,pax \Wg Wg X /v .00
aw W
g _ g (aCF ma.x) _ dcg (T7)
& ~ Cp.pax X ax
tan7Cp

ab
(aI ) (BCF) Cr (bCF,lax)
Xg/x,0p | VKt ,0p T Cromex V9K /v 0p
-
1/1 d'We 1 (W:) (BGF mx) dcp
ol - Tl I\ - T8
k{fg & " Cp o \W X ta»Cp dxi (T8)
aw W ac dc
__E= g ( F’mx - __D m7
dX  Cp pax|\ OX /p ¢ X (x7)
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TABLE II. - ACCELERATION-POTENTIAL. EXPRESSIONS

[ﬁvaluate at cruise combustor temperature except terms in-
volving CF,maxJ

(a) Fixed-size airplane with congtant initial;gross welght

General equatlon:

(T9)
(b) Fixed-size airplane with variable initial gross weight
General equation:
ax X Jo, & Wg de cF

N 1034

i
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TABLE ITI. - ASSUMED SCHEDULE OF INLET-DIFFUSER
PRESSURE RECOVERIES AND AREA RATTOS
Flight Mach |Pressure Area ratio,l Ao/Ag
nu;‘ber s rec%very , Ao/Ay 7
TurbojJet |(Ram jet|Turbojet (Ram Jet
1.0 0.95 0.711 0.748
1.5 .944 .733 0.328 .787 0.347
2.0 .910 .822 .454 .903 499
2.5 .826 .950 .644 | 1.15 .780
3.0 .700 1.08 .880 | 1.5¢4 1.26
3.5 .567 1.15 2.03
4.0 .443 1.45 3.27
5.0 .245 2.00 8.16
1p_ 1 taken as compressor frontal area for the turbojet

end combustor flow area for the ram Jet.
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TABLE IV. - NOZZLE PRESSURE RATIO AND AREA RATIOS

(a) Turbojet engilne

o [ Fan? | A | Rextt

op P Ae A,

| (&)
0.9 ()| 4.847|0.571] 0.787
2500 | 4.782| .635| .869
3500 | 4.622 | .797 | 1.084
| 3
1.0| (b) | 5.293 | 0.566 | 0.818
2500 | 5.223 | .628| .S0L.
3500 [ 5.042 | .789 [ 1.122
15| () | 7.872 | 0.586 | 1.056
2500 | 7.769 | .652| 1.165
3000 | 7.620 | .740. 1.325"
3500 | 7.481 | .8221 1.456
2.0 (b) |12.13 |o0.569| 1.331"
2500 [11.97 | .632 | 1.463
3000 |11.78 | .716| 1.671
3500 |11.57 | .794 | 1.833
2.5 | (b) |18.05 |0.553| 1.661.
2500 |17.84 | .B11{1.821_
3000 |17.51 | .692 2.086.
3500 |17.22 | .769 | 2.289
3.0 | (b) |25.43 |0.535| 2.014"
2500 {25.15 | .588 (2,194 _
3000 |24.71 | .864 | 2.514-
2500 |24.30 | .738 | 2.762.

8 .
For complete expansion.
bNo afterburning.

o \oETnErnTa

i E70F-

.
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TABLE IV. - Concluded. NOZZLE PRESSURE RATTO AND AREA RATTOS
(b) Ram-jet engine
M 1% | Py | An |fexts | M [Pap | By | Atn | extt
R P | A Ag °R P | A Ao
(a) (b) (a) (b)
1.5 | 1500 | 3.18 |0.536 | 0.629 [ 3.0 | 1500 | 24.10 | 0.366 | 1.410
2000 | 3.11 | .649| .784 2000 | 23.96 | .433 | 1.711
2500 | 3.00 | .770| .938 2500 | 25.76 | .497 | 2.003
3000 | 2.83 | .915 | 1.109 3000 | 23.48 | .560 | 2.280
3500 | 23.15 | .625 | 2.552
2.0 | 1500 | 6.66 |0.471 | 0.798 4000 | 22.71 | .694 | 2.826
2000 | 6.53 | .564| .978
2500 | 6.35 | .658 | 1.150 | 3.5 | 2000 | 43.39 |0.384 | 2.193
3000 | 6.15 | .760 | 1.307 2500 | 42.80 | .439 | 2.569
3500 | 5.94 | .879 | 1.459 3000 | 42.17 | .492 | 2.925
4000 | 5.70 [1.0 | 1.63¢ 3500 | 41.50 | .546 | 3.276
4000 | 40.55 | .601 | 3.634
2.5 | 1500 |13.26 |0.414 | 1.067
2000 {13.00 | .492 | 1.300 [[4.0 | 2000 | 66.05 |0.344 | 2.725
2500 |12.79 | .569 | 1.52¢ 2500 { 65.71 | .392 |3.191
3000 |12.54 | .647 | 1.733 3000 | 65.35 | .439 | 3.639
3500 (12.29 | ,730 | 1.936 3500 | 64.91 | .485|4.079
4000 |12.03 | .824 | 2.141 4000 | 64.40 | .531|4.524
5.0 | 3000 |135.7 |0.366 | 5.12
3500 |135.0 | .402 |5.76
4000 [134.3 | .438 | 6.41
4500 [133.3 | .465]7.05

a~Vla.lues glven for throat area are approximate.

bFor complete expansion.

e

47
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TABLE V. - REPRESENTATIVE VALUES OF AIRPLANE PARAMETERS
[Hydroca.rbon fuel assumed,]

Turbojet —Ram Jet
M= 2.0 M= 3.0
Interceptor | Bombef. | Interceptor | Bombardment
) misslle misslle
sz/Wg 0.10 0.07 0.25 0.07
wst/wg .35 .22 .45 .21
we/wg .25 .16 .10 .08
We/Wg .30 .55 . .20 .66
(wf/wg)a .12 .10 8o _ aQ
k .16 .31 .18 .37
W, 1b 20,000 150,000 10,000 100,000
L/p; 4.0 5.57 3.0 5.0
Redius, nautical mi. 325 1500 '
Range, nautical mi. : 1000 5000
- —

a
The ram-Jet misslles are assumed to be boosted by rockets or
launched from another airplane at crylse speed &and altitude.

SYO¥

W
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Figure 1. - Turbojet-engine psrformance and perfarmance derivetives.
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(b) Partigl derivative of specific impulse with respect to internal thrust coef-
ficient when change in afterburner temperatui¥ causes change in thrust
coefflcient. — ’ - -

Pigure 2, - Ram-jet-engine performsnce and performance derivatives.
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